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Abstract 

We investigate the properties of an antikaon in medium, regarding it as a MIT bag. We first 
construct the MIT bag model for a kaon with a* and (j) in order to describe the interaction of 
s-quarks in hyperonic matter in the framework of the modified quark-meson coupling model. The 
coupling constant g'^ K in density dependent bag constant B(a) is treated as a free parameter 
to reproduce the optical potential of a kaon in symmetric matter, and all other couplings are 
determined by SU(6) symmetry and the quark counting rule. With various values of the kaon 
potential, we calculate the effective mass of a kaon in medium to compare it with that of a point- 
like kaon. We then calculate the population of octet baryons, leptons and K~ , and the equation of 
state for the neutron star matter. The results show that kaon condensation in hyperonic matter is 
sensitive to the s-quark interaction and how to treat the kaon. The mass and radius of a neutron 
star are obtained by solving Tolmann-Oppenheimer-Volkoff equation. 
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I. INTRODUCTION 



The properties of an antikaon in medium are attracting much interests recently. Since a 
theoretical calculation [lj predicted deeply bound K~ states in K~pp, K~ppn and K~pnn 
systems, many studies have been reported in both theory and experiment. The KEK group 
2J reported the observation of S' (3115) and S' + (3140) states, interpreting them as deeply 
bound states of K~, though in a more recent experiment 3| with a better statistics the 
existence of S° state could not be confirmed. FINUDA group also reported the observation of 
a deeply bound state for K~pp with binding energy B = 115 ±9 MeV and width T = 67 ± 16 

n nn 

MeV [4j . On the other hand, the authors in Refs. [5j, [6j claimed that the observed state 
could be explained in terms of the final state interaction of produced Ap pairs. Therefore, 
further studies are needed both theoretically and experimentally to confirm such states. If a 
deeply bound kaonic state exists indeed, it can be formed by very strong attraction between 
nucleons and an antikaon, which may lead to kaon condensation in dense nuclear matter. 
Possible existence of kaon condensation in dense matter was proposed about two decades 



ago 



7J. The subject has been studied with various models such as chiral perturbation theory 
relativistic mean field mode 



s like quantum-hadrodynamics (QHD) [ll|-|l3j and quark- 
[ijj]. In relativistic mean field approach, the interaction 



hlJ 

meson coupling (QMC) model 
among baryons is described by scalar (a) and vector (u) meson fields mediating attractive 
and repulsive forces, respectively. In the mean field approach, due to the antiparticle nature, 
an antikaon feels strong attraction by both scalar and vector meson fields, which determines 
the optical potential of an antikaon. The kaon condensation in medium is known to be 
sensitive to the value of the optical potential. When we consider an antikaon in medium, it 
can be treated as a point-like particle in view of its property as a pseudo-Goldstone boson. 
However, applying the OZI rule, which says the s-quark does not interact with a and u 
mesons, the optical potential of an antikaon depends only on the interaction of u, which can 
feel strong attraction due to the exchange of a and u mesons. Therefore it is worthwhile to 
treat an antikaon as a MIT bag and compare the values of physical observables with those 
obtained from a point-like kaon. 

The QMC model originally developed by Guichon 16] assumes that quarks inside baryon 
bags interact with each other through the exch ang e of a, u and p meson fields. The model 



has been further developed by several authors 17H21|. An important revision of the model 



2 



was made in Ref. [18[ by introducing a density dependent bag constant to simulate partial 
deconfinement of quarks at high densities and to get the meson field strengths as predicted 
by relativistic phenomenology. This model was called the modified QMC (MQMC) model. 
Then a model for a kaon as a MIT bag was proposed in Ref. [2o| in the framework of QMC 
model in asymmetric matter, in which the interaction between nucleons and a kaon was 
mediated by a, u and p meson fields. The kaon condensation in hyperonic nuclear matter 



was then studied in Ref. 



14j with the QMC model, including a, u and p meson fields, but 



the interaction between s-quarks and the density dependence of the bag constant were not 
considered. 

In this work, we extend the previous models 0] to further include the interaction of 
s-quarks through the exchange of a* and (f) meson fields, and assume the density dependence 
of the bag constants. We then study the Bose-Einstein condensation of K~ in the neutron 
star with the density dependent bag constant for a kaon bag as in Ref. 2l| in the framework 
of the MQMC model. The coupling constant g'^ K for the density dependent bag constant 
of a kaon is regarded as a free parameter to be determined from the kaon optical potential, 
which we choose as Uk = —120, —140, —160 MeV. Our results show that the EoS with 
kaon condensation differs significantly depending on whether we treat a kaon as a point-like 
particle or a MIT bag. Because of the repulsion due to the s-quark interaction at high 
densities, the equation of states (EoS) from the QHD and QMC models without s-quark 
interactions are softer than those from the models including the s-quark interaction. We 

n 

find that the interaction between s-quarks, which was not included in Ref. [14J can make 
the EoS quite different. 

In Section II, we present our model, extending the previous QMC model J20j] for a kaon to 
include the density dependence of the bag constant (i.e., MQMC model) and the interaction 
between the s-quarks in hyperonic nuclear matter. By treating a kaon as a MIT bag we 
calculate the equations of motion for mesons with kaon condensation. Energy density and 
pressure of the neutron star matter with kaon bags are obtained. 

In Section III, we show the numerical results for the EoS and population profile of neutron 
star matter with hyperons at densities up to ten times normal density. Using the calculated 
EoS, we obtain the mass-radius relation of neutron star with hyperons and kaons. Summary 
follows in Section IV. 
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II. MODELS 



A. Kaon and antikaon as MIT bags in hyperonic matter 

In the (M)QMC model, baryons are regarded as MIT bags and the interaction between 
the baryons is mediated by the exchange of meson fields among quarks inside the baryon 
bags. As mentioned in the Introduction, we treat a kaon as a MIT bag in this work. Thus 
we use the same framework for both kaons and baryons, treating all virtual meson fields 
as point-like particles. In Ref. j^O] a kaon and an antikaon as MIT bags in nuclear matter 
were assumed to interact with nucleons through the interaction between the u- and <i-quarks 
and a, u and p meson fields, while s-quarks were assumed to be non-interacting with any 



particles. Here, we extend the model of Ref. [20(| to include the interaction between the 
s-quarks inside the kaon and baryon bags through a* and <fi meson fields. To show explicitly 
how kaon bags interact with five meson fields, we start with the Dirac equations for quarks 
and antiquarks in mean field approximation 

[ij-d- (m u " 9» T 7°(<?>o + \g q pP m)} = (1) 

[vy.d- (m d - gla) ? 7 °(^o - ^>os)] (fj = (2) 

s 
s 



[n-d- (m s - gW) T 7°40o] _ = 0, ( 3 ) 



where uq and 0o are, respectively, the time components of uj and meson fields and po3 
is the z-component of the time-component of p meson field. For u and d-quarks we use 
m u = m Q = md — m d = 0) while for s and s quarks, m s = m s = 150 MeV is used. In the 
assumption that all the quarks are in the ground state, we can use the following normalized, 
static solution for the quarks in a kaon bag, 

ij; i (f,t) = N i e ieit/RK <pi(f), i = u, u, d, d, s, s (4) 

where iVj , (f>i{r) and Rk are the normalization factor, the spatial part of the wave function 
and the bag radius of a kaon bag, respectively. The eigenenergies of quarks in units of 1/Rk 
can be obtained as 

= n u ±R K {glu + ^g«p 03 ) (5) 



€d ) = n d ±R K (glu; Q -l 



n d ±R K (g^ --glp 03 ) (6) 



Q s ±R K gUo (7) 



where il q = \ x\ + {Rk^*^ 2 with m* = m q — g^a for q = u, u, d, d and for q = s and s 



fi s = \J x 2 s + (Rkiti* s ) 2 with m* = m s — gl*o~*. The energies of a kaon and an antikaon can 
be obtained through the sum of the energies of their quark and antiquark components as 

=m m K± (<7>o - g&o + \g q p Pn) (8) 

(^) = ™* K ± (flgwo - ^ - ^>o 3 ) (9) 
where the effective mass of a kaon m * K i s calculated by eliminating the spurious motion of 



quarks in a bag from the bag energy 13, |2l|] , 



m K 



1e k -Ed 2 -) ■ ( 10 ) 



A' 



Here the bag energy is given as 



Q u + Q s — Zk t 4 r>: . 



E K = -^—^ * + -ttR k B k (11) 

with the bag constant Bk and a phenomeno logical constant Zk, which are determined by 
the minimum condition 



dm 



K 



OR 



= (12) 

R — Rk 



to produce the free mass of a kaon in vacuum with Rk = 0.4 fm. In eq. OH]), one can see 
both a and u mesons give the attraction to an antikaon, while the meson fields give the 
repulsion. In addition, because the value of po3 is usually negative in asymmetric matter, 
both <p and p meson fields play a role to prohibit the kaon condensation in the neutron star 
matter. 

In the MQMC model, the baryon bag constant B in medium depends on a and a*. For 
the kaon bag also we use the density dependent bag constant given by 

B K (a,a*) = B expi-4g'* K (cr + V2a*)/m K ], (13) 
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where B$ and mx are the bag constant and the mass of a kaon in vacuum, respectively. 
Here the factor a/2 is from the SU(6) symmetry. By applying a boost, we can obtain a 
general dispersion relation for a kaon and an antikaon with momentum k. We can write a 
Lagrangian for a kaon and an antikaon bag interacting with meson fields as 

L K = {D^K^D^K - m* K 2 K^K (14) 

where the covariant derivative = <9 M + ig^co^, — ig&4>n + wf^P^- F° r the s-wave {k = 0), 
we can easily check that this Lagrangian provides the dispersion relations in Eqs. OH]) and 
09]). Different signs in front of u and <j) meson fields originate from the quark and antiquark 
components of a kaon. 



B. Kaon condensation in neutron star 



The total Lagrangian for hyperonic matter with baryon octet, five meson fields, leptons 
and (anti) kaons in mean field approximation is given by 

C = Cmatter + £-K (15) 



where 



'matter = ^ [«7 * 9 ~ m* B ((J, a*) + 7°(wo + 00 + ^ZPO^B (16) 
B 

+ ~ m luo + -ml$ + -mlpl 3 + "£2 iJi(i-f -d -m^t, (17) 



2 — u! u 1 Q — <?>~u 2 



and £jf is given by 



be written as 



17 
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]q. QT4]) . The effective mass of a baryon as a MIT bag m* B (a, a*) can 



B 



9 



where the bag energy of a baryon is given by 



The bag constant Bb and a phenomenological constant Zb are fitted to reproduce the free 
mass of each baryon at a given bag radius R, respectively. In MQMC model Bb depends 
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on the matter density and can be written as 



B B (a, a*) = B m exp I -4g'f I ^ n q a + (3 - ^ n q )V2a* J /m B I 

(. \q=u,d q=u,d / ) 



(20) 



\q=u,d q- 

where m B is the bare mass of the baryon B and the factor \pl is from the SU(6) symmetry. 

When considering the s-wave K~ condensation, the equations for five meson fields are 
obtained as 

2J B + 1 r kB 

B 



m 



l<r = ^g*BC B ((r) 



m 



2tt 2 J [k 2 + m B 2 ] 1 / 



I 211/2 k2dk + 9<TKC K {(j)p K , 



(21) 



2 * 

m„*a 



^2g**BC_ 



b(<? 



2J B + 1 



m 



B 



2ir 2 J [k 2 + m* B 2 ] 1 / 



i 7WJ ^k 2 dk + g a * K C K (<j*)p K , (22) 



mlujo 



^^(2Jb + 1)4/(6tt 2 ) 



B 



= $Z 9<pb(2J b + l)k%/ (6tt 2 ) + g^KPK, 



B 



(23) 



(24) 



nv 



! ,P03 = ^29 p bI3b(2J b + l)k 3 B /(6n 2 ) - g pK h K PK- 



(25) 



In the above equations J B and I% B are the spin and the isospin projection and k B is the 
Fermi momentum of the baryon species B. The factors in Eqs. ( 121]) and (|22|) . C B (a), 
C B (a*), Ck(<?) and Ck(<?*) are, respectively, given by 



gaBC B (a) 



_B_ 

da ' 

9**BC B {a ) = — —, 

ga*KC K ((T*) ■ 



K 



da ' 
dm* K 



da* 



(26) 
(27) 
(28) 
(29) 



Detailed expressions for Eqs. (I2"6"|) and f[2"T|) are given in Refs. [18|, |22|. gaRCxi.^) and 
g^xCxio'*) for a point-like kaon are nothing but g a K and respectively, but for a kaon 
as a MIT bag they need to be calculated self-consistently. The detailed expressions can be 



written similarly as in 



18 



22 1 



Let us now apply this model for hyperonic matter with kaon bags to a neutron star mat- 
ter. Neutron star matter is characterized by three conditions; baryon number conservation, 
charge neutrality and chemical equilibrium. Baryons can be produced when the chemical 
equilibrium conditions are satisfied 

Pn = P<A = PTP = /^H°, 
P>n + A*e = /•*£- = A*H", 

- Me = A* p = //£+, (30) 

where the chemical potential of a baryon is given by 



Pb = \jk B + m* B 2 (a, a*) + ^ B u + g^o + 9 p bIsbPo3 (31) 
and that of a lepton is simply written as 



^ = ^k? + ml (32) 

Also, the density of a muon is determined by p e = When kaon condensation takes place, 
electrons are replaced by K~ so that n — > p + K~. Therefore, kaons are produced when 
the condition \x n — p v = piK is met, \xk being the chemical potential of a kaon equal to the 
kaon energy in Eq. flE]) for S-wave condensation. Also, the charge neutrality gives us the 
condition 

^ qBPB - Pk - Pe - Pp. = 0, (33) 

B 

where qs is the charge and pb is the number density of baryon species B. 
The energy density of the matter gets contributions from all the particles, 

1 2 2,1 2 *2 i 1 22,1 2/2,1 2 2 

£ = 2 m * <T + 2 °* a + 2 « ° 2 m ^° 2 mpPo3 

+ Y^2Jb + 1 f kB [k 2 + m , B 2 ]1/ 2 k 2 dk + y^]_ ( h [k * + m ^k 2 dk 

B 27r Jo i n Jo 

+m* K p K , (34) 

but because there is no contribution to pressure from a kaon in its s-wave the pressure is 
given by 

r> 1 2 2 1 2 *2.1 22,1 2 ,2 ,1 2 2 

P = ~2 m <y - if 1 ** + 2 m ^o + 2 m ^o + 2"V 03 

1 ^ 2J B + 1 f kB k A dk 1 V 1 f h kidk 

+ 3 ^ 2tt 2 J q [A;2 + m ^2]i /2 + 3^ J Q [jfc2 + m 2]i/ 2 - 



S 



9% 


gl 


/B 
9 a 


9% 


m* N /m N 


if (MeV) 


a sym (MeV) 


1.0 


2.71 


2.27 


7.89 


0.78 


285.5 


32.5 



TABLE I: The coupling constants for (u, d)-quarks and (<r, cj, /?)-mesons in the MQMC model 
to reproduce the binding energy B/A = 16 MeV at the saturation density po = 0.17fm -3 and 
symmetry energy a sym = 32.5 MeV. m* N /mN and K are the ratio of the effective mass to the free 
mass of the nucleon and the compression modulus at the saturation density, respectively (la j. 

C. Parameters 



For the bag constant B and Zb of baryons, we use the parameters given in Ref. 15 1 
which are fitted to reproduce the free masses of baryons. The values of Bk and Z% for 



a kaon are determined to fit the free mass of a kaon with Rk = 0.4 fm, m u u\ = MeV 
and m s = 150 MeV. The values are B 1 ^ = 170.752 MeV and Zk = 1.152. The coupling 
constants between u(d) quarks and a, u and p mesons are determined to reproduce nuclear 
matter properties at the saturation density (po = 0.17 fm -3 ); The coupling parameters 



determined for = 1.0 are shown in Table |T] taken from Ref. 15] . The couplings between 
the s-quark and a* and are given by the SU(6) symmetry. In this work, we assume that 
the s-quark does not interact with a, u and p mesons. 

The coupling constants for the interaction between the octet baryons and mesons can be 
determined by using the coupling constants in Table U and the quark counting rule 

1 1 1 



9 q p = 9 p n = 9 P z = 9 p e, 9 p a = 0, 
1 

9<f> — 9<j>A — 9c/>t, — ^9<t>z 



(36) 
(37) 
(38) 



where g% = \[2g^ d from the SU(6) symmetry. 

For coupling constants between the kaon and mesons, g^n and g P K can be obtained by 
the quark counting rule {g^K = 9% and g p x = gf), g a *K can be fixed from / (980) decay, and 
g^K from the SU(6) relation ylg^K = 9-k-k P - Then we get g a *K = 2.65 and g<f>K = 4.27. The 
value of g'® K is associated with the depths of the antikaon potential in medium through the 
relation 



U K = -(m K - m* K ) - guKU Q , 



(39) 



9 



1 

0.8 

^ 0.6 
E 

* ^ 
0.4 

0.2 



2 4 6 8 10 

P'Po 

FIG. 1: The effective mass of a kaon in symmetric nuclear matter is plotted for both MIT bag 
kaons (thick curves) and point-particle kaons (thin curves). 

and Eqs. (JTHJ and (JTTJ. With U K = -120, -140 and -160 MeV and g% = 1, we obtain 
g'^ K as 3.114, 4.317 and 5.615, respectively. 

III. RESULTS 

The effective mass of a kaon bag in the MQMC model in a symmetric nuclear matter is 
calculated with Eq. ( !TTj|) and compared with that of a point-like kaon in Fig. [TJ For a point- 
like kaon, the effective mass is simply given by m* K = itik —Qok^- For a point-like kaon, g a K 
is fixed to reproduce the given value of the kaon optical potential Uk = —QaK°' — QwK^q- 
Up to p ~ 2p , the effective mass decreases similarly for both point particle and MIT bag 
kaons. For p > 2po, the behaviors are contrasting. The reduction of the mass of a kaon bag 
saturates more or less at high densities, while the mass of a point-like kaon keeps decreasing. 

In Figs. [2] and [HI fractional population of particles and the EoS of neutron star matter are 
shown for the matter with nucleons, leptons and kaons (npK~; left column), for the matter 
with octet baryons, leptons and kaons without s-quark interaction (middle column), and for 
the matter with octet baryons, leptons and kaons with s-quark interaction (right column). 
Each row in Fig. [2] corresponds to Uk = —120, —140, and —160 MeV, respectively, from the 
top. 

In the case of nuclear matter with npK~ , the onset densities of kaon condensation are 
quite low as 3.6, 3.2 and 2.9 times po for Uk = —120, —140 and —160 MeV, respectively. 
Even the largest onset density 3.6po is similar to the mean density of a typical neutron star, 
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FIG. 2: The relative populations of particles in nuclear matter (left column), hyperonic matter 
without s-quark interactions (middle column), and hyperonic matter with s-quark interactions 
(right column) for the kaon potential Uk = —120, —140, —160 MeV, respectively. 
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FIG. 3: The equation of state for nuclear matter with only n, p and K (left), hyperonic matter (n, 
p, Y, K) without s-quark interactions (middle), and hyperonic matter with s-quark interactions 
(right), respectively. 

mass ~ 2.0M Q and radius R ~ 10 km. Thus, if pure nucleonic phase persists to a certain 
depth of the neutron star, kaon condensation is likely to be the state of matter inside the 
neutron star. At high densities, population of K~ is dominant, making the neutron star a 
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kaonic matter. 

The EoS for npK~ matter is shown in the left panel of Fig. [3j It is worthwhile to compare 
our result with that obtained with point-like kaon in the QHD model 12]. In Ref. 12] the 
phase transition is treated as first-order and a very soft EoS is obtained. On the other hand, 
because the softening of EoS due to the kaon condensation is not so substantial in our model, 
the phase transition from normal nuclear phase to kaonic phase depends on how a kaon is 
treated in medium as well as kaon optical potetial. However, once the kaon condensation 
sets in, the particle composition becomes very similar at high densities regardless of the Uk 
value, and it makes the EoS also similar at high densities. 

With hyperon degrees of freedom but without s-quark interactions (npYK~ matter), we 
obtain the composition of the neutron star matter shown in the middle column of Fig. |2J 
Since antikaon has a negative charge and becomes very dominant once it is created, all 
the negatively charged hyperons disappear soon after the kaon condensation. Condensation 
onset densities are 6.8, 4.5 and 3.8 times po for Uk = —120, —140 and —160 MeV, respec- 
tively. Dependence of kaon condensation on the value of Uk is stronger than the npK~ 
matter case. The reason for this strong dependence may be partially attributed to the exis- 
tence of the hyperons before the kaon condensation. As density increases, Fermi momentum 
of the neutrons reaches to a value that satisfies the chemical equilibrium for light hyperons 
such as A and £~. The creation of the A and S~ hyperons reduces the rate of increase of 
the neutron Fermi momentum as a function of density, but the proton Fermi momentum is 
hardly affected by the hyperons. Then since p, n — \x v becomes smaller than that without the 
hyperons, kaon creation condition /j,k = — H p becomes more sensitive to the behavior of 
the kaon chemical potential. 

The EoS for npYK~ matter, shown in the middle panel of Fig. [3] is much softer than 
that for npK~ matter because of the creation of the hyperon. The softening of the EoS due 
to kaons on top of the creation of hyperons is less significant. For instance, the derivative 
of the EoS dP/de for npK~ matter with Uk = —160 MeV abruptly becomes close to zero 
at the density where the kaon condensation begins, and the gap between the two EoS's for 
Uk = —120 MeV and —160 MeV is substantial. On the other hand, the derivative dP/de 
for npYK~ matter undergoes only a slight decrease at the density of kaon creation, and so 
it remains similar to the value without the kaon condensation. Kaon condensation plays a 
significant role in the EoS if hyperons are not included, but with the inclusion of hyperons 
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the kaon condensation becomes less significant. 

Now, if we switch on the interaction of s-quarks with a* and mesons (npY K~ (f>) on top 
of including the hyperon degrees of freedom, we get the particle composition in the right 
column of Fig. [2J When Uk = —120 MeV, kaon condensation does not take place at all 
up to ten times the saturation density. For Uk = —140 and —160 MeV, kaon condensation 
sets in at 5.1 and 3.8 times po, respectively. The onset density of the kaon condensation 
is more sensitive to the value of Uk than in the npYK~ case. In addition, the population 
of the kaon is significantly reduced from that in the case of npYK~ matter for all the Uk 
values. The population of s-quarks increases at higher densities due to large production of 
hyperons and kaons. Thus the values of a*- and 0- fields increase because strangeness is 
the source of these meson fields, but at high densities, meson fields increase more rapidly 
than a* [ljj]. Therefore, the repulsion due to mesons inside the hyperon and kaon bags 
increase as the population of hyperons and kaons increase. This repulsion suppresses the 
kaon condensation. An interesting thing is that our results show the repulsion affects the 
onset of kaon condensation very much, but the effect is small for the hyperons. This can 
be understood by considering the attraction and repulsion coming from a and u fields, 
respectively. The net mean field potential of a baryon is a result of the cancelation between 
a huge attraction due to a mesons and a huge repulsion due to u mesons. With the s-quark 
interaction, the net result after the cancelation between a* and does not affect much 
the population of baryons. For instance, the onset density of S~ with s-quark interaction 
changes only slightly from that without the s-quark interaction. However, in case of the 
antikaon, both a and u mesons cause only the attraction between baryons and antikaon. 
As a result, the effect of repulsion due to s-quark interaction becomes significant, and in 
particular, in case of relatively small potential (Uk = —120 MeV), it strongly suppresses 
kaon condensation. On the contrary, in case of Uk = —160 MeV, the effect of s-quarks is 
relatively small to kaon condensation because of the reason mentioned above. 

We compare the present result with that of a point-like kaon in the framework of MQMC 
[15I ] , where nuclear saturation properties are exactly the same as those in this work. If there 
is any difference, it has to come from how one treats the kaon; a bag or a point particle. 
First, the onset density of the kaon condensation differs significantly. For the point-like kaon, 
we have the onset density 5.9, 3.8 and 3.0 times po for Uk = —120, —140, and —160 MeV, 
respectively. Second, the population of the kaon is very different for the point-like and the 
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FIG. 4: The relation of mass and radius of neutron star for npK , npYK and npYK 



bag kaon. For the point-like kaon, the population of the kaon is even more dominating than 
that of the bag kaon without s-quark interactions. Since the background baryonic matter of 
the kaon condensation is built on the same ground with the same saturation properties, the 
same models and parameters for baryons and their interactions, the dramatic difference in 
the kaon condensation densities and the kaon population indicates substantial dependency 
on the way of how to treat the kaon; a point particle or a bag. On the other hand, we have 
observed from the result of the npYK~ case that if hyperons are included, a softening of 
the EoS is predominantly driven by hyperons, and the role of kaons is less significant. The 
EoS shown in the right panel of Fig. [3] is consistent with this observation. The EoS with 
strange- meson exchange is stiffer than that without it, which may be ascribed to the extra 
repulsion due to <fi meson mean field. The existence of the hyperons, on the other hand, 
reduces the pressure substantially, and consequently the EoS for the npYK'cp matter lies 
in between npK~ and npYK~ cases. 

Finally, we calculate the mass-radius relation of neutron stars by solving Tolman- 
Oppenheimer-Volkoff equation. The results are plotted in Fig. SJ The maximum mass 
of the star for the npK~ case is about 1.78, 1.67 and 1.55 times the solar mass M Q for 
Uk = —120, —140 and —160 MeV, respectively, and the corresponding radius is about 
12 ~ 13 km. Compared with the results in Ref. 12(, our results yield the stars with larger 



mass and radius. In particular, in Ref. 



12] the radius of the kaonic star is obtained to be 



very small (about 8 km) when kaon condensation takes place with Uk = —140 MeV. Our 
results show that the mass and the radius of the star depend much on the model, especially, 
on how to treat a kaon in medium. The maximum masses of the star for the npYK~ matter 



14 



are about 1.49, 1.48 and 1.44 times M for U K = -120, -140, -160 MeV, respectively. 
This model give us a lighter star, which tells us that the effect of hyperons is very signifi- 
cant. For the neutron star with npYK~(p, the maximum mass becomes about 1.54, 1.54 and 
1.50M© for U K = -120, -140 and -160 MeV. The stiffer EoS due to the repulsion by the 
s-quark interaction gives us larger values of the mass for the case npYK~(j) than the case 
of npYK~ . Depending on the value of Uk, s-quark interaction can enhance the maximum 
mass by < 7 %. 

The population profile and the EoS of the neutron star depend not only on the Uk value 
but also on whether a kaon is treated as a point particle or a bag. With a point-like kaon, 
the maximum mass is in the range (1.45 ~ 1.61)M Q for Uk = (—160 ~ —120) MeV, an 
uncertainty exceeding 10%. With a kaon bag, on the other hand, we have the maximum 
mass (1.44 ~ 1.49)M for npYK~ and (1.50 ~ 1.54)M for npYK~<f), which gives about 
3% uncertainty. 

IV. SUMMARY 

We have considered the existence of K~ in dense nuclear matter by treating it as a MIT 
bag within the framework of the MQMC model. We have investigated the effective mass 
of K~ in symmetric nuclear matter and its effect to the properties of the neutron star. In 
addition to the standard a-, u- and p- meson exchanges which account for the non-strange 
interactions, we have also considered the interaction between strange quarks by including 
a*- and <fi- meson exchanges. In order to delineate the relative contributions, we have made 
various comparisons with and without hyperons, with and without strangeness interactions, 
and from shallow to deep kaon optical potential. Most importantly, we have compared 
various results obtained from a kaon bag and a point-like kaon. 

The results without hyperons (npK~) show that kaon condensation occurs at the density 
of around 3po, and the dependence on the kaon optical potential value Uk is relatively weak. 
On the other hand, the neutron star mass depends on Uk value sensitively with the value 
in the range M = (1.55 ~ 1.78)M for Uk = (—160 ~ —120) MeV. Comparing our npK~ 
result with the one obtained from the QHD model in which the nucleon and the kaon are 
assumed as point particles [12|, the results are clearly contrasting. In the QHD result, kaon 
condensation depends sensitively on the Uk value, the EoS in the mixed phase is much 
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softer than that in this work, and consequently the maximum mass of the neutron star is 
10% lighter than our results. Qualitatively, however, QHD and MQMC have a common 
aspect: the effect of the kaon condensation to the matter composition, the EoS and the 
neutron star properties is significant and dominant when there is no hyperons. 

If we include the hyperons, A and E~ hyperons are created at a density of about 2.2p . 
The creation of the hyperons brings down the highly accumulated neutron's Fermi levels, 
and it causes the role of the kaon to be minor in many respects. The onset density of the 
kaon condensation is more sensitive to the Uk value than that without hyperon, and the 
population of the kaon is much less than that for the npK~ case. The softening of the EoS 
due to kaon condensation is non-negligible even with the hyperon, but it is not so significant 
as that for the npK~ matter. The neutron star mass differs by about 3% depending on Uk 
value. This weak dependence on Uk value is in contrast to that for a point-like kaon, which 
is about 10% 15|. With the strangeness interaction, repulsion due to 0- meson exchange 



suppresses the role of the kaon further. As a result, the EoS for the npYK~<f) matter is 
almost the same as that without the kaon condensation for all the Uk values considered. 
The maximum mass fluctuates by about 3% depending on the Uk value, which may be 
within the uncertainties due to the model dependence, input parameters such as nuclear 
saturation properties, nucleon-nucleon, nucleon-hyperon and hyperon-hyperon interactions, 
and etc. In the case of npYK~ and npYK~<fr matter, compared to the point-like kaon, the 
role of the bag kaon is quite suppressed and the difference in the mass of the neutron star 
is within the errors due to various uncertainties. 
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